Soil Microbial Communities and Function in Alternative Systems to Continuous Cotton
Soil Biology & Biochemistry I n the semiarid High Plains region of the United States, the typical practice since the 1940s is cotton monoculture under conventional tillage, which has provided low levels of organic inputs compared with crop rotations that include diverse crops under no-till management in humid regions (Moore et al., 2000; Acosta-Martínez et al., 2004; Allen et al., 2008) . Irrigated cotton production in this region has provided high economic profi t at the expense of high water use that has exceeded the recharge potential of the Ogallala aquifer in this lowrainfall region. Today, regional challenges imposed by the impending loss of the Ogallala aquifer for irrigation, high soil erosion, and stressful climatic conditions have prompted producers to reconsider their options, as past successes are at risk. Alternative management in this region includes the conversion of continuous cotton land to the CRP, perennial pastures, or cotton rotations with other crops. Several eff orts to evaluate the sustainability of alternative management for this region are taking place (Texas Alliance for Water Conservation, 2007; Allen et al., 2008) , but little is known about how alternative management practices might impact soil quality compared with the typical practice of continuous monoculture cotton. Microbial communities are important to soil quality and functioning because they control the potential for enzyme (i.e., hydrolases)-mediated substrate catalysis (Kandeler et al., 1996) , which drives biogeochemical cycles. Th us, understanding the changes in the size, composition, and activity of soil microbial communities following implementation of various land use and Cotton (Gossypium hirsutum L.) monoculture under conventional tillage has been the predominant cropping system in the Southern High Plains region of the United States since the 1940s. Th is study evaluated other cropping systems and land uses for their potential to increase soil quality and enhance soil functioning compared with continuous cotton (Ct-Ct), including a mixture of grasses in the Conservation Reserve Program (CRP), a pasture monoculture [Bothriochloa bladhii (Retz) S.T. Blake] and a cotton-winter wheat (Triticum aestivum L.)-corn (Zea mays L.) rotation (Ct-W-Cr). Soil microbial communities were evaluated according to microbial biomass C (MBC) and N (MBN), fatty acid methyl ester (FAME) profi ling, and molecular cloning techniques. Soil MBC was higher under the alternative systems at 0 to 5 cm (CRP > pasture = Ct-W-Cr > Ct-Ct), 5 to 10 cm (CRP = Ct-W-Cr > pasture > Ct-Ct), and 10 to 20 cm (CRP = pasture = Ct-W-Cr > Ct-Ct). Soil DNA concentration was correlated with key soil quality parameters such as microbial biomass (r > 0.52, P < 0.05), total C (r = 0.372, P < 0.1), and total N (r = 0.449, P < 0.05). Th e 16S rRNA gene banding patterns (0-5 cm) of undisturbed systems (CRP and pasture) were more similar to each other than to Ct-Ct and Ct-W-Cr. Fungal/bacterial FAME ratios were higher under CRP and pasture than under Ct-Ct at 0 to 5 and 5 to 10 cm. Th is study found increases in sensitive soil quality parameters under alternative management compared with cotton monoculture. management systems is an important component in selecting management practices to improve ecosystem services, such as nutrient cycling and C sequestration.
Th e CRP was initiated in the United States in 1985 to return eroded land to grass and forest vegetation. Th e CRP is the largest environmental program administered by the USDA, with enrollment exceeding 13.8 Mha across all 50 states including Texas, where almost 1.62 Mha or 17,750 farms are enrolled (Allen and Vandever, 2005) . Several benefi ts have been recognized for the CRP, including increased wildlife populations, reduced water runoff and sedimentation, and protection of water sources (i.e., groundwater, lakes, and streams). More recently, the benefi ts for soil quality under the CRP have been recognized (Staben et al., 1997; Acosta-Martínez et al., 2003 , 2008 Bronson et al., 2004) . Th e eff ectiveness of this program in achieving soil quality improvements has not been thoroughly evaluated in the High Plains region, however, where about 1 Mha covered under CRP contracts expired at the end of 2009 (NRCS, 2008) . Previous studies in sandy soils from the High Plains showed no signifi cant diff erences in total C under CRP compared with tilled cotton systems aft er 10 yr, but higher soil enzyme activities were detected under the CRP (Acosta-Martínez et al., 2003; Bronson et al., 2004) . More information is needed, however, to evaluate the eff ects of the CRP on sensitive soil quality parameters such as microbial communities and the metabolic potential of soil as indicated by enzyme activities.
Integrating perennial pasture into the whole farming system is an option that has been adopted quickly throughout the High Plains region for integrated cotton and livestock production systems Philipp et al., 2005) . Allen et al. (2008) found that integration of cotton and livestock grazing not only reduces water use by 23%, but could also yield higher profi ts than continuous cotton. Previous studies have reported that changing cropland to perennial grassland can lead to increases in C sequestration, and thus in soil aggregate stability and microbial biomass and activity (Karlen et al., 1999; Potter et al., 1999; Acosta-Martínez et al., 2004) . Crop rotations have also been reported to exert a signifi cant infl uence on soil quality because crop residues are the primary source of organic matter (Campbell et al., 1991) . Cotton rotations with other crops such as corn or wheat have been implemented in the northern part of the High Plains region, which has higher precipitation than the southern part of this region. It is not known, however, how the recently implemented cotton rotations or pastures have aff ected the microbial communities and metabolic functioning of soil compared with continuous monoculture cotton and CRP land in the High Plains region.
Characterization of soil microbial community structure has been possible by assessing fatty acids or nucleic acids derived from microbial cells. Using the FAME method, specifi c fatty acids have been proposed as biomarkers to broad taxonomic microbial groups. For example, fungal populations have been evaluated using suggested fungal FAME biomarkers such as 18:2ω6c and 18:3ω6c (Frostegård et al., 1993) and arbuscular fungal mycorrhiza indicators such as 18:1ω9c and 16:1ω5c (Olsson, 1999; Madan et al., 2002) . Th e FAME marker 20:4ω6c has been suggested for the evaluation of protozoan abundance (Walling et al., 1996) . Th e relative abundance of bacterial populations has been determined in soil with several FAMEs for i15:0, i16:0, a17:0, and i17:0) , Gram-negative (G−) bacteria (13:0 2OH, 13:0 3OH, and cy17:0), and actinomycetes (10Me 16:0, 10Me 17:0, and 10Me 18:0), as suggested by previous studies (Wright, 1983; Kroppenstedt, 1992; Walling et al., 1996; Zelles, 1997) . Although FAME analysis provides general information about the soil microbial community composition and broad taxonomic information, it does not provide information at the species level. Recent studies reported that 16S rRNA can provide bacterial fi ngerprint patterns related to pollution ( Joynt et al., 2006) , manure applications (Sun et al., 2004) , and land uses (Upchurch et al., 2008; Wu et al., 2008) . Th e 16S rRNA technique has opened numerous opportunities to better understand the microbial community structure of soils because bacteria are the most abundant and diverse group of soil organisms, with estimates of 10 4 to 10 6 distinct genomes per gram of soil (Vestal and White, 1989; Gans et al., 2005) . Results from both bacterial FAME indicators and 16S rRNA analyses will provide better understanding of the impacts of management and land use on bacterial populations.
Changes in microbial communities may lead to changes in the metabolic capacity of soils, as indicated by the activities of soil enzymes, which can be determined with simple analyses that require low labor costs compared with other biochemical analyses (Ndiaye et al., 2000) . Enzyme activities have been reported to be sensitive indicators of changes in soil quality (Klose et al., 1999; Moore et al., 2000; Ndiaye et al., 2000; Trasar-Cepeda et al., 2000) .
Th e fi rst objective of this study was to determine the microbial biomass C and N and the community structure using both FAME analysis and 16S rRNA gene banding patterns and sequences of bacterial populations in a typical soil of the High Plains region under continuous Ct-Ct compared with a Ct-WCr rotation and two undisturbed systems: CRP land and a perennial pasture. Our second objective was to explore the relationship of the microbial community structure as aff ected by management with soil metabolic functioning by measuring enzyme activities involved in C (β-glucosaminidase, β-glucosidase, and α-galactosidase), N (β-glucosaminidase), P (alkaline phosphatase), and S (arylsulfatase) nutrient transformations and cycling.
MATERIALS AND METHODS

Experimental Design and Soil Sampling
Th is study was conducted at the Texas Alliance for Water Conservation (TAWC) fi eld study covering 1619 ha in the Texas High Plains region. Th e TAWC fi eld study involves 26 producer farms and nearby undisturbed areas. Sites within this fi eld study are distributed within Hale County (center point: 34°5ˇ N, 101°50ˇ W) and Floyd County (center point: 34°5ˇ N, 101°20ˇ W). Th e elevation of these counties ranges from 2600 to 3600 ft above sea level. Temperatures range in January from an average low of 4°C to an average high of 12°C, and in July from 19 to 34°C. Th e average annual rainfall is 483 mm, of which 279 mm is received as snowfall. We selected sites under a Pullman clay loam soil with 38% clay and 34% sand (McMichael and Lascano, 2003) and studied three representative sites for each system (CRP, pasture, Ct-W-Cr, and Ct-Ct). Th e sites' size ranged from 11.5 ha (one of the Ct-W-Cr sites) to 89.9 ha (one of the pasture sites).
Before conversion to CRP, pasture, and Ct-W-Cr rotations, the soils of this region had been primarily under continuous cotton monoculture since 1940. A detailed description of the size of the sites, crop cultivars, and management applied on these systems was given in Texas Alliance for Water Conservation (2007) irrigated with a center pivot for at least 3 yr before sampling time. Th e sites under Ct-Ct and Ct-W-Cr were conventionally tilled every autumn to 15-cm depth. Th e Ct-W-Cr rotation sites were established for at least 3 yr at the time of sampling under center pivot irrigation. For this rotation, cotton was planted at a 76.2-cm row spacing, corn was generally grown from April to August with a 50.8-cm row spacing, and winter wheat was planted in the autumn following cotton harvest. Cotton was generally planted during May at the agricultural sites. All irrigated sites received between 127 and 508 mm of water, depending on the year, to provide the minimum irrigation received in this region. Continuous cotton sites were unirrigated (dryland) and cotton was planted at 102-cm row spacing.
Soil samples were collected in February 2006 at 0-to 5-, 5-to 10-, and 10-to 15-cm depths from the three sites available as fi eld replicates for each system. A completely randomized approach was used to identify three sampling locations per site (with 50 m of separation). Th us, a total of nine samples were taken to represent each system. Each soil sample was a composite mixture of four subsamples taken within a 0.25-m radius. Th e soil samples were sieved to <5 mm and kept at 4°C until microbiological analyses were performed within 2 wks of sampling. Soil moisture was determined aft er drying at 105°C for 48 h. Soil pH was determined on air-dried subsamples using a glass combination electrode with a soil/ water ratio of 1:2.5. Soil total C and N contents were determined on subsamples of air-dried soil (sieved to <180 μm) by automated dry combustion (LECO TruSpecCN, LECO Corp., St. Joseph, MI) in a private laboratory (Ward Laboratories, Kearney, NE).
Microbial Biomass Carbon and Nitrogen Determination
Th e MBC and MBN were determined on the nine samples representing each system (15 g oven-dry equivalent of fi eld-moist soil) by the chloroform fumigation-extraction method (Brookes et al., 1985; Vance et al., 1987) . In brief, organic C and N from the fumigated (24 h) and unfumigated (control) soil were quantifi ed using a CN analyzer (Shimadzu Model TOC-V/ CPH -TN, Shimadzu Corp., Kyoto, Japan). Th e MBC and MBN (diff erence between fumigated and unfumigated values) were calculated using effi ciency factors of 0.45 (Wu et al., 1990) and 0.54 ( Jenkinson, 1988) , respectively. Each sample had duplicate analyses and the results are expressed on a moisture-free basis.
Fatty Acid Methyl Ester Analysis
Fatty acids were extracted from the nine samples representing each system following the MIDI (Microbial ID, Inc., Newark, DE) protocol as previously applied to soils (Cavigelli et al., 1995; Acosta-Martínez et al., 2004) . In brief, the four steps of the MIDI protocol applied on the fi eld-moist soil samples (3 g) are: (i) saponifi cation of fatty acids at 100°C with 3 mL of 3.75 mol L −1 NaOH in aqueous methanol (1:1 methanol/water ratio) for 30 min; (ii) methylation (esterifi cation) at 80°C in 6 mL of 6 mol L −1 HCl in aqueous methanol (1:0.85) for 10 min; (iii) extraction of the FAMEs with 3 mL of 1:1 (v/v) methyltert-butyl ether/hexane; and (iv) washing of the solvent extract with 1.2% (w/v) NaOH. Th e FAMEs were analyzed in a 6890 GC Series II (Hewlett-Packard, Wilmington, DE) equipped with a fl ame ionization detector and a fused silica capillary column (25 m by 0.2 mm) using H 2 (ultra high purity) as the carrier gas. Th e temperature program was ramped from 170 to 250°C at 5°C min −1 . Fatty acids were identifi ed and quantifi ed by comparison of retention times and peak areas to components of MIDI standards. Th e FAME relative peak areas (percentage) were determined with respect to the other FAMEs in a sample using the Aerobe method of the MIDI system. Individual peak data for each fatty acid were converted to molar percentages by dividing the peak area by the fatty acid molecular weight, then dividing by the total molar area of all fatty acids identifi ed in the sample (Liebig et al., 2006) . Th e FAMEs are described by the number of C atoms, followed by a colon, the number of double bonds, and then the position of the fi rst double bond from the methyl (ω) end of the molecule. Cis isomers are indicated by c, and branched fatty acids are indicated by the prefi xes i and a for iso and anteiso, respectively. Other notations are Me for methyl, OH for hydroxy and cy for cyclopropane.
Enzyme Assays
Th e activities of β-glucosidase, α-galactosidase, alkaline phosphatase, and arylsulfatase were assayed on the nine samples representing each system (1-g air-dried subsamples) with appropriate substrate and conditions (i.e., 1 h incubation at 37°C) as described by Tabatabai (1994) . Th e activity of β-glucosaminidase was determined similarly by the method of Parham and Deng (2000) .
Statistical Analyses of Selected Soil Properties
Analysis of variance, multivariate analysis of variance (MANOVA), contrast comparisons, and separation of means by LSD at P < 0.05 were used to determine the diff erences among the systems using General Linear Model for the soil parameters (SAS Institute, 2002) . Principal components analysis (PCA) was conducted in the PCORD program (Version 5) to determine diff erences in the soil microbial community structure among the systems for each depth using FAME indicators of bacterial (G+, G−, and actinomycetes) and fungal groups. A monotonic transformation (square root) of all FAMEs was also conducted to create a more normally distributed data set and to reduce the coeffi cient of variation for individual FAMEs. Th e square root transformation is similar in eff ect to the logarithmic transformation but less drastic and is commonly used in ecological studies (McCune and Meff ord, 1999) . Th e PCA was performed using a cross-products matrix with variance-covariance centered, and calculating scores for FAMEs by weighted averaging.
Bacterial Community Structure using 16S rRNA and Statistical Analyses
Th e DNA was extracted from one of the three soil samples taken at the 0-to 5-and 5-to 10-cm depths at each site (n = 3) except for the CRP land, for which only two sites were available. Th e specifi c samples used for DNA analysis were randomly determined. Th e DNA was extracted from approximately 0.5 g of soil (oven-dry basis of fi eldmoist soil) using the Fast DNA Spin Kit for soil (QBIOgene, Carlsbad, CA) following the manufacturer's instructions. Th e DNA extracted (1 uL) was quantifi ed using a Nanodrop ND-1000 spectrophotometer (Nanodrop Technologies, Wilmington, DE) . Th e integrity of the DNA extracted from the soils was confi rmed by running DNA extracts on 0.8% agarose gel with 0.5× TBE buff er (45 mmol L −1 Tris-borate and 1 mmol L −1 ethylenediaminetetraacetic acid at pH 8.0).
To determine the structure of the bacterial communities, polymerase chain reaction (PCR) amplifi cation of the 16S rRNA gene was accomplished using pA primer (5ˇ-AGA GTT TGA TCC TGG CTC AG-3ˇ) and a pH primer (5ˇ-AAG GAG GTG ATC GAG CCG GA-3ˇ), which could amplify the whole region (?1.5 kB) of the 16S rRNA gene ( Joynt et al., 2006) . Each sample was run in triplicate. Th e PCR reactions were performed in 10-uL volumes containing 25 ng DNA sample −1 ,1× PCR buff er (10 mmol L −1 Tris at pH 8.3, 50 mmol L −1 KCl, and 1.5 mmol L −1 MgCl 2 ), 0.2 mmol L −1 each of deoxynucleotide triphosphate (dNTP) and 1% bovine serum albumin, 5 pmol each of forward and reverse primer, and 0.25 units of HotStar Taq polymerase (Qiagen, Valencia, CA). Th e PCR programs and conditions were: one-time initial 15-min enzyme activation step at 95°C (specifi c requirement of HotStar Taq), followed by 35 cycles of 30 s at 94°C, 30 s at 55°C, 30 s at 72°C, with a fi nal extension of 7 min at 72°C and a soak at 4°C until the samples were processed. All PCR reactions were conducted in a PTC-225 Peltier thermal cycler (MJ Research, Waltham, MA) .
Th e PCR products were resolved using a 2% gel made from superfi ne-resolution (SFR) agarose (AMERESCO, Solon, OH) prepared with 0.5× TBE buff er using a BIORAD Subcell 162 apparatus (BIORAD Laboratories, Hercules, CA). Samples containing equal amounts of DNA (500 ng of PCR-amplifi ed DNA) were loaded into wells. Electrophoresis was performed at a constant 200 V for 2 h. Gels were stained with 0.1% ethidium bromide, and DNA bands were visualized under an ultraviolet light source ; photographs of the banding profi les were taken. Th e banding patterns were documented and analyzed using AlphaEase FC soft ware, a built-in program for the Chem Imager 5500 system (Alpha Innotech, San Leandro, CA). Th e approximate size of the DNA fragments was determined by comparing them to a standard molecular weight marker (DNA ruler, BIORAD Laboratories).
A number of methods were applied to analyze the banding pattern of each soil sample. Th e size of the DNA in each band in the pattern was determined by comparing to a 50 to 2,000 base pair DNA ladder (Amplisize molecular ruler, BIORAD Laboratories) using the molecular weight analysis and one-dimensional multialign functions of the AlphaEase FC soft ware. Briefl y, lanes for each sample were established using the one-dimensional multilane template setup. Th e size of the DNA in each band in each lane was calculated automatically using the molecular weight function and analyzed for standard deviation. Bands were considered similar between samples if their molecular weight fell within the calculated standard deviation. Furthermore, analysis using the multiscan function was performed to determine the peak number for each band, the width/height ratio, and the peak value percentages. A 2% peak value was used as a cutoff for a band to be included in the analysis. Aft er all parameters were evaluated per band, the scoring function of the AlphaEase soft ware was applied. Th e fi nal scores were converted to 1 (band present) or 0 (band absent) and tabulated for each sample in an Excel fi le format compatible with NTSYS PC 2.2.
Th e DNA banding profi les from diff erent soil samples were analyzed using the cluster analysis package in the NTSYS program, Version 2.2 (Rohlf, 1998) . Briefl y, the similarity function was fi rst used to estimate the genetic distance between each sample. Subsequently, clustering of samples was established using the neighbor joining method, and dendrograms were generated using the tree plot function of the soft ware.
Nucleotide sequences of PCR products from the 16S rRNA gene were cloned into a pGEM T-easy vector following the manufacturer's protocol (Promega Corp., Madison, WI). Recombinant plasmids were selected using blue white selection on X-gal/IPTG plates (Sambrook et al., 1989) . Plasmid DNA was isolated using the Promega Wizard Kit (Promega Corp.). Inserts were sequenced using big dye chemistry from Applied Biosystems (Foster City, CA). Sequence determination was conducted using ABI3100. For each system, 96 recombinant white clones were isolated. Th e DNA insert from each clone was verifi ed by PCR. A total of 76 clones with insert sizes of 1 to 1.5 kB were used for sequencing from the four systems studied. Sequences were trimmed to exclude vector contamination and used for comparison with known sequences in the bacterial ribosomal data bank of the Ribosomal Database Project (rdp.cme.msu.edu; verifi ed 2 May 2010) using cluster analysis. Sequences were aligned using the Clustal W computing suite (align. genome.jp; verifi ed 2 May 2010). Pairwise comparisons of nucleotide sequences and phylogenetic trees were performed using the neighbor joining program of the PHYLIP algorithm. Nucleotide sequences were compared with sequences in the Ribosomal Database Project II (rdp. cme.msu.edu/seqmatch; verifi ed 2 May 2010) and a cutoff value of 10 −10 was used for declaring homology.
RESULTS
Microbial Biomass Carbon and Nitrogen and DNA Concentrations
Although soil total C and N were not signifi cantly diff erent between Ct-W-Cr, pasture, and Ct-Ct (Table 1) , soil MBC (2.5-fold) and MBN (sixfold) were substantially greater under Ct-WCr and pasture than under Ct-Ct at 0 to 5 cm ( Fig. 1a and 1b) . Th e three alternative systems showed higher soil MBC (CRP > pasture = Ct-W-Cr > Ct-Ct) and MBN (pasture = Ct-W-Cr > CRP > Ct-Ct) than under Ct-Ct at the 0-to 5-cm depth (Fig.  1a and 1b) . In addition, soil MBC was higher under the alternative systems compared with Ct-Ct at 5-to 10-and 10-to 20-cm depths. Soil MBN was also higher under the alternative systems at 5 to 10 cm, but was only higher under pasture than under CtCt at 10 to 20 cm. Soil MBC was correlated with total C (r = 0.851, P < 0.001) and total N (r = 0.855, P < 0.001), but correlations between MBN and total C or total N were not signifi cant because MBN was lower in the soil under CRP than under pasture or Ct-W-Cr.
Th e soil DNA concentration was higher under pasture and CRP than Ct-Ct at 0 to 5 cm and similar under Ct-W-Cr and Ct-Ct (Fig. 1c) . Th ere was a higher DNA concentration at 0 to 5 cm than 5 to 10 cm for the undisturbed systems (CRP and pasture [P < 0.05]), while there were no diff erences in DNA concentration with depth for the Ct-W-Cr and Ct-Ct systems due to soil mixing with the tillage operations. Th e soil DNA concentration was correlated with soil quality measurements related to soil C and N pools such as MBC (r = 0.520, P < 0.01), MBN (r = 0.528, P < 0.01), total C (r = 0.372, P < 0.1), and total N (r = 0.449, P < 0.05) for the two soil depths evaluated.
Microbial Community Structure
An ANOVA for total FAMEs area showed signifi cant system (P < 0.001) and depth (P < 0.01) eff ects (Table 1) . Total FAMEs area was higher under CRP and Ct-W-Cr than Ct-Ct at all soil depths. Total FAMEs area was correlated with the MBC results for each depth (r = 0.45-0.58, P < 0.01 to <0.001).
Among the FAME markers, the most consistent trend for the protozoa indicator (20:4ω6c) throughout the soil depths evaluated (0-5, 5-10, and 10-20 cm) was its lower abundance under Ct-Ct and pasture compared with CRP (Table 2) . Th e sum of fungal FAMEs (16:1ω5c, 18:1ω9c, 18:2ω6c, and 18:3ω6c) was higher under CRP than Ct-Ct at all soil depths (0-5, 5-10, and 10-20 cm), and under Ct-W-Cr than Ct-Ct at the 0-to 5-and 5-to 10-cm depths. Among the fungal FAMEs, the arbuscular mycorrhiza indicator (16:1ω5c) was the only FAME that was signifi cantly higher under the three alternative management treatments (Ct-W-Cr, pasture, and CRP) than Ct-Ct at the 0-to 5-cm depth (data not shown). Th e sums of G+ and G− bacterial FAMEs were higher under Ct-W-Cr than Ct-Ct at all soil depths. Th e group of actinomycete FAMEs showed similar abundance under the Ct-Ct, Ct-W-Cr, and CRP systems at 0 to 5 cm, and was higher only under Ct-W-Cr than the other systems at 5 to 10 and 10 to 20 cm. Overall, the sum of FAME indicators for bacterial populations (G+, G−, and actinomycetes) was higher under Ct-W-Cr than the rest of the systems at the 0-to 5-, 5-to 10-, and 10-to 20-cm depths. Higher fungal/bacterial ratios were found in the soil under the CRP land and pasture compared with Ct-Ct at 0 to 5 and 5 to 10 cm, and under the CRP land compared with the other systems at 10 to 20 cm. Principal components analysis including all FAME markers suggested a more bacterial dominated community structure in the Ct-W-Cr and Ct-Ct systems and a more fungal dominated community structure under the pasture and CRP systems at all depths (Fig. 2) .
Bacterial Community Structure with 16S rRNA
Th e various approaches used to explore the molecular biological work of this study showed diff erences in the bacterial community structure as aff ected by the systems at the two depths evaluated (0-5 and 5-10 cm). For example, the soil under Ct-Ct and Ct-W-Cr showed a distinctive banding pattern compared with the other systems at 0 to 5 cm (Fig. 3a) . In general, a higher number of DNA bands from bacterial communities was detected under Ct-Ct and Ct-W-Cr than the CRP and pasture systems at 0 to 5 cm (Fig. 3a) , but this was not observed at 5 to 10 cm (Fig.  3b) . Th e dendrogram confi rmed that the DNA banding patterns of the undisturbed systems (CRP land and pasture) tended to cluster with each other and the tilled agricultural systems Table 2 . Fatty acid methyl ester indicators of microbial groups † as affected by management and land use at different soil depths. grouped together only at 0 to 5 cm (Fig. 4) . Th e phylogenetic tree established from the diff erent 16S rRNA gene sequences using neighbor joining analysis indicated at least three major bacterial groupings (Fig. 5) . Th e fi rst group (Group 1) includes a number of bacteria identifi ed under the Alphaproteobacteria class (i.e., Sphingomonas, Rhodoplanes, and Nitrobacter) that were mainly found under pasture and CRP land. Th e second group (Group 2) includes the Actinobacterium that came from the CRP land and also includes bacteria from the agricultural systems (Ct-W-Cr and Ct-Ct). Th e third group (Group 3) shows that some bacteria from the CRP soil were closely related to Chlorofl exus. In addition, this group includes unidentifi ed bacteria present in CRP, Ct-Ct, and Ct-W-Cr that could be genetically related to each other.
System ‡ Protozoa Total fungi G+ G− Actinomycetes Total bacteria Fungi/bacteria ratio -------------------------------------------------mol % ------------------------------------------------
Enzyme Activities
As with the soil microbial biomass data, enzyme activities generally were higher under CRP and pasture compared with Ct-Ct at all soil depths, except for β-glucosidase activity (Fig. 6 ). In addition, the activities of β-glucosaminidase, β-glucosidase, and arylsulfatase were lower under Ct-W-Cr than the CRP land and pasture at 0 to 5 cm. With the exception of arylsulfatase activity, the enzyme activities associated with C, N, and P cycles showed signifi cant (P < 0.05) decreases between 0 to 5 cm and the lower soil depths and no signifi cant diff erences between the 5-to 10-and 10-to 15-cm depths.
Th e MANOVA showed signifi cant diff erences among systems at all depths for the activity of three related C cycling enzymes: β-glucosidase, β-glucosaminidase (also involved in N cycling), and α-galactosidase ( Fig. 7; Table 3 ). Contrast comparisons showed that the soil under the CRP land, pasture, and Ct-W-Cr had signifi cantly (P < 0.05) higher activities of the three related C cycling enzymes than under Ct-Ct at 0-to 5-and 5-to 10-cm depths (Table 3 ). In addition, the three related C cycling enzyme activities were signifi cantly (P < 0.05) higher under CRP and Ct-W-Cr than under Ct-Ct at 10 to 20 cm, but not signifi cantly diff erent between pasture and Ct-Ct.
DISCUSSION
Microbial Biomass
Increases in the soil microbial biomass (MB) have been associated with positive changes in soil quality and C sequestration under systems managed to support an extensive rooting system, protection of the soil surface by perennial grasses or the application of crop residues, and decreased tillage operations (Karlen et al., 1999; Moore et al., 2000; Acosta-Martínez et al., 2004; Sotomayor-Ramírez et al., 2009 ). Th us, it is not surprising to fi nd the highest levels of MBC (up to threefold higher) in the CRP soil compared with the other systems, especially Ct-Ct, as the CRP land provided better soil surface cover and extensive root systems under a long-term mixture of grasses that were left undisturbed (i.e., no tillage practices, irrigation, or fertilization). In contrast, the lowest levels of MBC, found in Ct-Ct, are probably due to the low level of residues returned to the system, the intensive tillage practices, and the soil exposure to wind erosion during winter fallow periods. Cotton produces far less residue per hectare than other major crops (Lal, 2004) and what little residue C is returned to the soil is potentially lost from the system as a result of accelerated decomposition of soil organic matter and subsequent loss of C to the atmosphere as CO 2 with intensive tillage practices (Calderón et al., 2001) . In contrast to our results, Staben et al. (1997) reported no signifi cant diff erences in MBC and total organic C in silt loam soils under CRP compared with a wheat-fallow system aft er 4 to 7 yr. Bronson et al. (2004) , however, reported higher total C concentration and content under CRP than cropped soils at the 0-to 5-cm depth for sandy soils (>57% sand) aft er 9 to 15 yr. Th us, the diff erences we observed in soil MBC under CRP compared with the tilled agricultural systems may have been due to the longer time aft er the establishment of CRP (>10 yr) than in Staben et al. (1997) .
It is not possible to determine when changes in the soil MB occurred for the grassland under CRP compared with CtCt, as we sampled aft er 10 yr. Our study, however, indicates that microbial changes can occur very quickly (within 3 yr) in this soil type when cotton land is converted to an irrigated monoculture of bluestem pasture because the soil DNA, MBC, and MBN were two to fi ve times greater under pasture than under Ct-Ct. Furthermore, the higher soil MBN under pasture than CRP is probably due to higher N availability due to the regular irrigation and fertilizer applications in the pasture than the undisturbed CRP soil.
Crop rotations have been recognized for their positive effects on soil properties related to the higher C inputs and diversity of plant residues returned to the soils compared with continuous systems (Miller and Dick, 1995; Entry et al., 1996; Friedel et al., 1996; Robinson et al., 1996; Moore et al., 2000) . Th e results from our study support this fi nding, with higher soil MB found under a diversifi ed crop rotation (Ct-W-Cr) compared with Ct-Ct. Moreover, these changes in MB were detected aft er a relatively short time (about 3-4 yr), while no signifi cant diff erences were generally detected in total C and N contents between these two systems, supporting the idea that MB is a more sensitive indicator of soil C dynamics than total C and N (Karlen et al., 1999; Powlson et al., 1987 ). It appears, however, that the response of the soil microbial component may vary depending on the crops used in cotton rotations. For example, previous studies reported no signifi cant diff erences in MB and enzyme activities between continuous cotton and a cotton-peanut (Arachis hypogaea L.) rotation aft er 7 yr in sandy soils but did show increased soil MB when two consecutive years of peanut were included in the rotation with cotton (peanut-peanut-cotton) (AcostaMartínez et al., 2003 (AcostaMartínez et al., , 2008 . Another study with a silt loam soil reported higher MBN, soil organic C, and soil organic N under a cotton-corn rotation compared with continuous cotton aft er 6 yr (Wright et al., 2008) . Studies have also reported higher soil MBC in a cotton-winter wheat-fallow-rye (Secale cereale L.) rotation compared with continuous cotton aft er 5 yr (AcostaMartínez et al., 2004) . Together with previous studies, our data for the Ct-W-Cr rotation suggest a faster response of the soil microbial component to a change from continuous cotton to a more diverse crop rotation than reported in other studies.
Microbial Community Structure
Undisturbed grass systems (pasture and CRP) for semiarid soils in this region (the Texas High Plains) may provide several conditions to stimulate the growth and activity of soil microbial communities, including greater available substrates in the soil and fewer fl uctuations in soil moisture and temperature than under the tilled Ct-Ct system (Doran, 1980; . Previous studies have linked soil microbial community structure shift s with changes in the quantity or quality of the soil organic matter in no-till systems compared with tilled systems (Drijber et al., 2000; Bailey et al., 2002; Bending et al., 2002; Ding et al., 2002) , which may explain the higher fungal populations under CRP and pasture compared with Ct-Ct that we report. Th e fact that the pasture was established for only 3 yr and had lower soil total C than the CRP land may explain why the fungal/bacterial ratios were lower in the pasture than the CRP land (Potthoff et al., 2006) . Previous studies reported that diff erences in litter quality under diff erent types of grasses can alter decomposition processes and thus infl uence the soil microbial community structure (Hooper and Vitousek, 1998; Hooper et al., 2000; Mack and D' Antonio, 2003; Potthoff et al., 2006) . Overall, increases in the fungal/bacterial ratios under CRP and pasture compared with Ct-Ct can represent potential changes in soil quality and C sequestration because fungal populations tend to have higher C assimilation effi ciencies than bacterial populations and store higher amounts of the C they metabolize (Bailey et al., 2002) .
Although land use and agricultural practices are expected to aff ect the diversity and structure of soil microbial communities, the specifi c responses of the bacterial community to diff erent management practices are still not well understood (Buckley and Schmidt, 2001; Upchurch et al., 2008) . In this study, both FAME and 16S rRNA analyses showed diff erences in the bacterial community among the systems studied. Th e separation among the systems was infl uenced more by diff erences in tillage management than crop rotation or land use. For example, our PCA plots revealed lower fungal/bacterial FAME ratios under the tilled systems (Ct-Ct and Ct-W-Cr) than the undisturbed grassland systems (pasture and CRP) at all soil depths. In addition, the bacterial community according to 16S rRNA data separated the Ct-Ct and Ct-W-Cr systems from the undisturbed CRP and pasture systems at the 0-to 5-cm soil depth.
Although the PCA plots showed a more bacterial-dominated community structure in Ct-W-Cr and Ct-Ct relative to the undisturbed systems (pasture and CRP), the microbial community structure under Ct-W-Cr was characterized by higher relative abundance of FAME indicators for bacterial and fungal populations than under Ct-Ct. Th e higher fungal FAMEs, including the mycorrhiza (16:1ω5c) FAME indicator, under Ct-W-Cr than under Ct-Ct support the results by Zak et al. (1998) , who reported greater mycorrhizal colonization levels for cotton associated with winter wheat than for continuous cotton systems in the same region (the Southern High Plains). In addition, Mozafar et al. (2000) reported that corn generally supports greater arbuscular mycorrhizal colonization of roots than other crops (i.e., canola [Brassica rapa L. subsp. oleifera (DC.) Metzg.] or winter wheat). Higher 16:1ω5c in the soil under Ct-W-Cr than Ct-Ct suggests that the former crop rotation system off ers a soil environment more favorable for mycorrhizal populations than the continuous cotton system due to the inclusion of crops such as corn (Grigera et al., 2007) and wheat (Drijber et al., 2000) . It is important to acknowledge that despite the increases detected in mycorrhizal populations under the crop rotation studied (Ct-W-Cr), soil tillage may have reduced mycorrhizal populations compared with a no-till counterpart (Drijber et al., 2000) . For example, a recent study by Wortmann et al. (2008) reported as much as a 22% reduction in the mycorrhiza indicator 16:1ω5c (on an equivalent soil mass basis) in the second year after a one-time tillage event in a soil maintained under long-term no-till. Wortmann et al. (2008) concluded that mycorrhizal populations were highly sensitive to tillage, with minimal recovery toward no-till levels during their study.
Metabolic Function
Enzyme activities involved in diff erent processes and nutrient transformations were evaluated to obtain a better picture of the eff ects of management and land use on the metabolic functioning of this soil because each enzyme is very specifi c to the reaction catalyzed and can be aff ected by management . Th e results of the enzyme activities among systems in this study may indicate diff erences in the type and amounts of substrates incorporated throughout the soil depths evaluated even though the soil total C content was generally similar under pasture, Ct-W-Cr, and Ct-Ct. For example, the alternative systems generally showed higher enzyme activities than Ct-Ct at the three depths evaluated (0-5, 5-10, and 10-20 cm), including β-glucosaminidase, arylsulfatase, and alkaline phosphatase, which are involved in chitin degradation, hydrolysis of organic sulfate esters, and hydrolysis of both organic and inorganic P sources, respectively; however, β-glucosidase activity, important in the last step of cellulose degradation, was most impacted by these systems (CRP = pasture > Ct-W-Cr > Ct-Ct) only at the 0-to 5-cm depth. Th erefore, it is possible that there were no major diff erences in cellulose degradation at lower soil depths (5-10 and 10-20 cm) among the systems.
It has been acknowledged that fungal and bacterial populations play diff erent roles in decomposition processes in soil (Bailey et al., 2002) , but to our knowledge there is limited information relating microbial community structure to metabolic function indicated by enzyme activities as aff ected by soil management. Our study documents changes in both bacterial and fungal populations that are consistent with the higher enzyme activities under CRP land, pasture, and the Ct-W-Cr rotation compared with Ct-Ct. Th e higher fungal/bacterial ratios and enzyme activities under CRP land and pasture compared with Ct-W-Cr and Ct-Ct suggest a signifi cant contribution of fungal populations to the metabolic function of undisturbed soils. Th e higher enzyme activities found under Ct-W-Cr than Ct-Ct can also be attributed to the diff erences in microbial community structure found between these systems. For example, while both systems (Ct-W-Cr and Ct-Ct) had a more bacterial-dominated microbial community structure compared with the CRP land and pasture according to the fungal/bacterial ratios in the PCA plots, the fungal and bacterial FAMEs were higher under Ct-WCr than Ct-Ct at all soil depths. Our fi ndings agree with previous suggestions of the signifi cant role of fungal populations in the synthesis and ecological role of extracellular enzymes that participate in the degradation of chitin (i.e., β-glucosaminidase) and cellulose (i.e., cellulose and β-glucosidase; Miller et al., 1998; Parham and Deng, 2000) .
Our results from 16S rRNA analysis also distinguished bacteria (i.e., Actinobacteria) in the soil under the CRP land and pasture that may be involved in the increased enzyme activities of the undisturbed systems compared with Ct-Ct. Actinobacteria have been recognized for their role in the decomposition of cellulose and chitin, and thereby contribute to soil organic matter turnover and C cycling (Acosta-Martínez et al., 2008) . Acosta-Martínez et al. (2008) found further diff erences in the soil bacterial communities among these systems using pyrosequencing, including higher Bacteroidetes under Ct-Ct than the alternative systems. In addition, they also reported the lowest bacterial diversity indices under Ct-Ct, intermediate under the undisturbed CRP and pasture systems, and the highest under the Ct-W-Cr rotation.
Management can also have varying eff ects on the diff erent pools of an enzyme in the soil, which include the intracellular (inside active microbial cells) and extracellular (in the soil solution or attached to soil surfaces) enzyme fractions (Klose et al., 1999; Nannipieri et al., 2002) . Th is may explain the diff erent response of the soil MB and enzyme activities found in this study for pasture and CRP land. For example, the soil under the CRP showed higher MBC (but also lower MBN and DNA concentration) compared with the pasture soil, but the pasture soil was still able to sustain similar levels of enzyme activities to CRP aft er only 3 yr.
CONCLUSIONS
Th is study documents the eff ectiveness of the CRP aft er 10 yr in achieving soil quality improvements in land that was previously under continuous cotton in the semiarid region of the Southern High Plains. Th e conversion of a clay loam soil under Ct-Ct to the CRP led to increases in total C and MB, shift s in microbial community structure to higher fungal/bacterial ratios, and increased enzyme activities aft er 10 yr. Although the pasture had been established for only 3 yr, similar activity levels of β-glucosaminidase, arylsulfatase, and alkaline phosphatase were found in the CRP land (under a diverse mixture of grasses) and pasture (under a monoculture of Old World bluestem) at the 0-to 20-cm depth. Moreover, signifi cant changes in microbial communities and the metabolic potential of the soil as indicated by enzyme activities were detected under a crop rotation that included diverse crops (Ct-W-Cr) compared with Ct-Ct aft er only 3 yr. Th e positive soil microbial responses detected under the CRP land, pasture, and a Ct-W-Cr rotation compared with Ct-Ct are suggested to provide early indications of soil quality improvements attributed to reduced tillage, higher residue crops, and elimination of fallow periods for this semiarid region, which are practices that farmers can consider if their CRP land is returned to production. Th is study demonstrated that measures of the soil microbial community size, structure, and activities should be considered within the evaluation of changes in soil quality as aff ected by alternative management for continuous monoculture of cotton.
